The Toll family of receptors sense microbial products and activate a defense response. The molecular machinery required for the TLR response is not yet fully understood. In the present study, we used a clustered, regularly interspaced, short palindromic repeats (CRISPR)/CAS9 screening system to study TLR responses. We employed a cell line expressing TLR with an NF-κB-driven GFP reporter. The cell line was transduced with a guide RNA (gRNA) library and stimulated with TLR ligands. The cells impaired in GFP induction were sorted, and gRNAs were sequenced. Identified genes were ranked according to the count of sequence reads and the number of gRNA target sites. The screening system worked correctly, as molecules that were already known to be required for the TLR response were identified by the screening. Furthermore, this system revealed that the oligosaccharide transferase complex (OSTC) mediating co-translational glycosylation was required for TLR5, 7 and 9 responses. Protein expression of TLR5, but not an irrelevant molecule (CD44), was abolished by the lack of OSTC, suggesting the essential role of glycosylation in TLR5 protein stability. These results demonstrate that the screening system established here is able to reveal molecular mechanisms underlying the TLR response.
Introduction
Loss-of-function genetic screens in nematodes and flies have been a powerful tool for elucidating a variety of biological processes. This strategy, however, has not fully contributed to studies using in vitro mammalian cell lines. The diploid genome without genetic recombination has precluded genetic screens of in vitro mammalian cell lines. To overcome this problem, continuous efforts have been made. A human cell line haploid for almost all chromosomes, like haploid yeast, was developed for insertional mutagenesis (1) . However, this approach is dependent on a unique haploid cell line and is not applicable to commonly used cell lines. Instead of mutagenesis, genome-wide RNAi silencing has been developed for functional screens, although off-target effects limit the advantages of this approach (2) . Recently, the clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated nuclease Cas9 system has enabled the genome editing of mammalian cells. Targeted mutagenesis by the CRISPR system is efficient and accurate enough to enable loss-of-function genome-wide screening of a variety of in vitro cell lines and primary immune cells (3) (4) (5) (6) .
TLRs sense a variety of microbial products to mount both innate and adaptive immune responses (7, 8) . On the cell surface, TLR dimers including TLR4/MD-2, TLR1-TLR2 and TLR6-TLR2 recognize microbial membrane lipids, whereas TLR5 responds to flagellin, a major protein component of flagella. In addition, nucleic acid (NA) is another principal TLR ligand. TLR3, 7/8 and 9 are localized in the endolysosomes to recognize microbial NAs such as double-stranded RNA (dsRNA), single-stranded RNA (ssRNA) and single-stranded DNA (ssDNA), respectively.
Molecular mechanisms underlying TLR maturation in the endoplasmic reticulum (ER) and TLR trafficking have been studied. In the ER, TLR maturation is dependent on chaperones such as HSP90 and a protein associated with TLR4 A (PRAT4A) (CNPY3) (9, 10) . HSP90 is a general chaperone associated with PRAT4A (CNPY3). PRAT4A (CNPY3) serves as a client-specific co-chaperone to help all of the TLRs except TLR3 mature in the ER. TLRs in the ER are associated with a multiple transmembrane protein Unc93B1, which helps TLR5, 7, 8, 9, 11 and 13 to traffic from the ER to the cell surface or endolysosomes (11, 12) .
To protect cells against bacteria and viruses, TLRs induce pro-inflammatory cytokines and type I interferon. Proinflammatory cytokines and interferon production require signaling molecules. While MyD88, IRAK1, IRAK4 and TRAF6 are required for both cytokines, TRAF3, IKKα and IRF3 or 7 are additionally required for type I IFN induction (13) (14) (15) (16) . NF-κB activation is indispensable for the production of proinflammatory cytokines induced by TLR ligands.
In the present study, loss-of-function genetic CRISPR screening with an NF-κB-driven green fluorescent protein (GFP) reporter was employed to search for a molecule required for TLR responses. Guide RNAs (gRNAs) impairing GFP induction by TLR5, 7 or 9 were enriched by a couple of rounds of flow cytometry sorting and sequenced. The identified target genes include a number of already known molecules required for downstream signaling and TLR maturation in the ER, demonstrating that our screens have run correctly. Furthermore, the screening revealed the indispensable role of the co-translational oligosaccharide transferase complex (OSTC) in the ER for TLR5, 7 and 9 responses. These results demonstrate that CRISPR/CAS9 screening with an NF-κB-GFP reporter helps to reveal the molecular mechanisms behind the TLR response.
Methods

Cell culture
Ba/F3 cell lines were cultured in RPMI (Gibco) containing 10% fetal calf serum, 2 mM l-Glutamine (Gibco), 50 µM 2-ME (Nacalai Tesque) and recombinant IL-3.
Reagents
RPMI 1640 was purchased from Nacalai Tesque.
HEPES was purchased from Thermo Fisher Scientific. Sodium Pyruvate was purchased from Sigma-Aldrich. CpG-B (sequence) was synthesized by FASMAC. R848 and Flagellin from Salmonella typhimurium were purchased from InvivoGen.
Mouse anti-mouse TLR5 mAb (ACT5) was established in our laboratory. APC Rat anti-FLAG (DYKDDDDK) Tag mAb (L5) and PE Streptavidin were purchased from BioLegend. FITC Rat anti-mouse CD44 mAb (IM7) was purchased from BD bioscience.
Plasmid constructs
TLR5, TLR7 and TLR9 were amplified by PCR from genomic DNA and cloned into retroviral pMXpuro vectors provided by Dr. T. Kitamura. hCas9 was amplified by PCR from pX458 vector containing hCas9 cDNA (Addgene) and cloned into retroviral pMXpuro vector. All gRNAs were synthesized by FASMAC and cloned into lentiviral pKLV vectors (Addgene). The NEBuilder HiFi DNA Assembly Cloning Kit (New England BioLabs) and Rapid DNA Ligation kit (Roche Applied Science) were used for cloning.
Retroviral transduction
pMXpuro vectors were transfected into Plat-E packaging cells with FuGene6 (Roche Applied Science). After 1 day of incubation, supernatants were obtained as virus suspensions. Ba/F3 cells were infected with virus suspensions mixed with DOTAP (Roche Applied Science).
Lentiviral transduction
pKLV vectors were transfected into HEK293FT cells with the ViraPower Lentiviral Expression System (Invitrogen). After 2 days of incubation, supernatants were obtained as virus suspensions. Ba/F3 cells were infected with virus suspensions.
gRNA library screening
We previously established the pro-B cell line Ba/F3 in which TLR-dependent NF-κB activation was easily detected by GFP induction (BaκB cells). BaκB cells expressing hCAS9, Unc93B1 and TLR5, TLR7 or TLR9 were transduced with gRNA library (Genome-wide Mouse Lentiviral CRISPR gRNA Library v1: Addgene) using the ViraPower Lentiviral Expression Systems. This library has 87 897 gRNAs against 19 150 mouse proteincoding genes without non-targeted gRNAs (5) . Blue fluorescent protein (BFP)-positive cell populations were sorted to pick up cells including the gRNA library with the BFP sequence. Cells were left for 2 weeks until the disappearance of some proteins. GFP-negative cell populations were sorted after each ligand stimulation and repeated three or four times. Cells were sorted by FACS Aria flow cytometers (BD Bioscience). Cells were lysed and genomic DNA was purified using the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific). For sequencing of gRNAs, the long region containing gRNAs was amplified using genomic DNA and primers (gLibrary-nested-Fw: CCCTACGCGTTACTCGAGCCAAGGT and Rv: GCCTCCCCTACCCGGTAGAATTGGATCCA) with KOD FX Neo (TOYOBO). The PCR products were purified using Agencourt AMPure XP (Beckman Coulter). The short region containing gRNAs was amplified using the long region containing gRNAs and primers (gLibrary-barcode1-Fw: CCATCTCATCCCTGCGTGTCTCCGACTCAG-CTAAGGTAA CGATATGGACTATCATATGCTTACCGTAACTTGAAAGTATT TCG and gLibrary-P1-Rv: CCACTACGCCTCCGCTTTCCTCT CTATGGGCAGTCGG-TGATCCGACTCGGTGCCACTTTTTC AAGTTG) with Gflex (Takara). The PCR products were purified using Agencourt AMPure XP and E-gel (Thermo Fisher Scientific). The purified libraries were quantified using Qubit (Thermo Fisher Scientific) and 2100 Bioanalyzer Instruments (Agilent Technologies) and sequenced on an Ion Proton (Thermo Fisher Scientific).
gRNA sequences were extracted by removing vector sequence from the raw sequence data. Then, these sequences were matched against the gRNA list of the gRNA library used to count the number of sequence reads for each gRNA. Each gene has 3-5 gRNAs in the gRNA library used here. The number of gRNAs for each gene in the sequence data was counted. These analyses were conducted by a software written in Perl. Finally, 'integrated count' was calculated and ranking of both 'read', 'target' and 'integrated' were made with Excel.
Flow cytometry and sorting
BaF/3 cells were stained with Biotinylated anti-TLR5 (ACT5) mAbs, anti-CD44 (IM7) and an anti-flag (L5) antibody. The samples were stained in staining buffer [1× PBS with 2.5% fetal bovine serum (FBS) and 0.1% NaN 3 ] or permeabilized buffer (1× PBS with 2.5% FBS, 0.1% Saponin and 0.1% NaN 3 ) and analyzed using LSRFortessa (BD Biosciences). BaF/3 cells for sorting were examined in sorting buffer (1× PBS with 10% FBS, 10 mM HEPES, 1 mM Sodium Pyruvate and 100 µM 2ME). These cells were sorted by FACSAria flow cytometers. As a control cells, we used the cells with an empty vector pKLV rather than a pKLV vector containing an irrelevant, nontargeting gRNA. If a control vector with non-targeting gRNA has an off-target effect, TLR response of control cells can be altered. Therefore, we may misinterpret the phenotypes of all the mutant cells. To avoid this, we used an empty vector.
Results
Mutagenesis does not instantly change cellular responses
To establish the genome-wide, loss-of-function screening system, we first examined the interval between the mutagenesis of genes required for TLR responses and the resultant alteration in TLR responses. TLR responses depend on downstream signaling molecules, such as MyD88, IRAK1, TRAF6 and IKKγ (Ikbkg) (Fig. 1A) (17) . ER chaperones, such as Unc93B1, PRAT4A (CNPY3) and HSP90, were also required for TLR responses (9) (10) (11) . gRNAs targeting these molecules were designed and expressed together with hCas9 in Ba/ F3 cell lines expressing TLR7 with the NF-κB-driven GFP reporter (18) (19) (20) (21) . To detect a mutation in the target genes, the target regions were amplified by PCR and the PCR products were denatured and re-annealed before electrophoresis analyses at 1 week after mutagenesis. Successful mutagenesis generates, after re-annealing, double-stranded DNA (dsDNA) containing mismatches, which altered migration in electrophoresis and were therefore detected as a band shift. All of the gRNAs successfully mutated the target regions as assessed by band shifts in electrophoresis (Fig. 1B) .
After mutagenesis with gRNAs, cells were cultured for 4 weeks and stimulated with the TLR7 ligand R848. TLR7-dependent NF-κB activation was assessed by GFP induction at 1 week and 4 weeks after mutagenesis and represented by % mean fluorescent intensity (MFI) increase normalized by that from the cells transduced with an empty vector (pKLV) ( Fig. 1C ; Supplementary Figure S1 , available at International Immunology Online). The TLR7 response was progressively impaired in all of the tested genes except IKKγ (Ikbkg). The TLR7 response in cells harboring the IKKγ (Ikbkg) mutation was completely impaired as early as 1 week after mutagenesis. These results suggest that the interval between mutation and alteration in the TLR response varies with each gene and that a couple of weeks are required between mutagenesis and functional screening. 
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Genome-wide CRISPR screening with the NF-κB-driven GFP reporter NF-κB-GFP enables us to detect TLR-dependent NF-κB activation by flow cytometry and thereby sort unresponsive cells. Humanized Cas9 was expressed in the reporter cell lines expressing TLR5, 7 or 9. The gRNA library was transduced into these cells (Fig. 2A) . Because the vector contains a unit expressing cDNA encoding BFP, the cells expressing gRNA were sorted based on BFP expression (Fig. 2B) (5) . Two distinct transduction efficiencies were tried in TLR5 and TLR7 screening: 27.3 versus 93% and 13 versus 89%, respectively ( Fig. 2B; Supplementary Figure  S2A , available at International Immunology Online). In the trials with low transduction efficiency, the percentages of BFP + cells were low enough to expect a single gRNA in each cell. The library used here contains 87 897 gRNAs, and over 1 million cells were transduced. The transduced cell pool was therefore considered to have genome-wide mutations. The transduced cells were cultured for 2 weeks to allow mutations to cause an alteration in TLR responses. The cells were stimulated with TLR ligands such as flagellin, R848 and CpG-B. GFP-low cells were sorted and allowed to grow for the next sorting ( Fig. 2A) . After two or three cycles of sorting (Fig. 2C) , gRNAs in sorted cells were identified by PCR with genomic DNA and analyzed using next-generation sequencing. For each screening, ~3 million gRNAs were sequenced.
Comparison between low and high transduction efficiency for screening
The genes, identified by gRNA sequences, were ranked by the total number of sequence reads ('read count') or the number of gRNAs identified ('target count') for each gene (Fig. 3A and  B) . The ranks of the molecules already known to be required for TLR responses were compared between the screenings with high and low transduction efficiency ( Fig. 3A and B ; Supplementary Figure S2B and C, available at International Immunology Online). In TLR5 and TLR7 screening with low efficiency transduction, 7 and 3 molecules, respectively, were included in the top 10 molecules in the 'read count' ranking (Fig. 3A) . By contrast, only 2 molecules and 1 molecule, respectively, were found in the top 10 molecules in the TLR5 and TLR7 screening with high transduction efficiency (Supplementary Figure S2B and C, available at International Immunology Online). Among the molecules identified by more than three gRNA targets, 6 and 9 molecules were known to be required for TLR responses in TLR5 and TLR7 screening with low efficiency transduction, respectively (Fig. 3B) . By contrast, no molecules or one molecule was found in the TLR5 and TLR7 screening with high transduction efficiency (Supplementary Figure S2B and C, available at International Immunology Online). These results suggest that low transduction efficiency is important for efficient screening.
'Integrated count' for ranking the genes enriched by screening
We next compared the 'read count' and 'target count' ranking. In the top 10 genes of the 'read count' ranking from TLR5, 7 or 9 screening, 7, 3 and 4 molecules were known to be required for TLR responses, respectively (Fig. 3A) . In the 'target count' ranking, we focused on the genes identified by more than three gRNA targets. In TLR5, 7 and 9 screenings, 6 of 11, 9 of 28 and 9 of 32 were known to be required for the TLR response, respectively (Fig. 3B) . In TLR5 screening, TLR5 itself was found in the 'read count' ranking but not in the 'target count' ranking.
To integrate these two rankings, two parameters were multiplied together after normalization of the 'read count' by dividing it by the sum of the total read counts and multiplying it by 1 000 000. The new count was referred to as the 'integrated count'. The top 10 rankings based on the 'integrated count' contained 7 known molecules in all of the TLR5, 7 and 9 screenings (Fig. 3C) . Compared with the ranking based on 'read count', known molecules increased from 3 to 7 and from 4 to 7 in the TLR7 and TLR9 screenings, respectively.
Verification of the genes identified by gRNA library screening
We next studied the lower limit of the 'integrated count' ranking. Sequencing of the cell pool before sorting was conducted, and the highest 'integrated count' was determined as 3071, 4302 and 4476 in the TLR5, 7 and 9 screenings, respectively (Supplementary Figure S3A , available at International Immunology Online). These 'integrated counts' were set as the lower limit of each screening. In the TLR5, 7 and 9 screenings, 29, 30 and 44 genes, respectively, were above the lower limit (Supplementary Figure S3B , available at International Immunology Online). Among these genes, 9, 8 and 9 genes in the TLR5, 7 and 9 screenings, respectively, are already known to be required for TLR responses and are shown in red.
To verify the screening, a gRNA targeting an identified molecule was transduced into the NF-κB reporter cells again, cultured for 4 weeks and stimulated with the corresponding TLR ligand. NF-κB GFP induction was studied to examine the effect of gRNA (Supplementary Figure S4 , available at International Immunology Online). GFP induction was represented by % MFI increase normalized by the MFI increase in control reporter cells. In addition to already known molecules, several genes, such as Ostc and Stt3a, were found to be required for TLR5, 7 and 9 responses. If the genes with >60% MFI are considered to have no inhibitory effect, then approximately 33, 37 and 52% of the genes were true positives in the TLR5, 7 and 9 screenings, respectively.
Exclusion of gRNA identified by <500 sequence reads to avoid false positives
To further reduce false-positive genes, we examined the number of sequence reads in each gRNA and found that a significant number of gRNAs have only a small number of sequence reads. We therefore excluded gRNA identified with <500 sequence reads and recalculated the 'integrated count' (Supplementary Figure S5 , available at International Immunology Online). The positives decreased from 29 to 11, 30 to 18 and 44 to 26 in the TLR5, 7 and 9 screenings, respectively. The percentages of true positives (<60% MFI) increased from 33 to 91, 37 to 61 and 52 to 96 % in TLR5, 7 and 9 screenings, respectively (Fig. 4) . These data suggest that gRNA screening is a promising tool for identifying genes required for TLR responses.
The OSTC is required for TLR expression on the cell surface
Our screening revealed the role of Ostc and Stt3a in TLR5, 7 and 9 responses. These molecules are components of Retroviruses containing a gRNA library were transduced into Ba/F3 cells expressing TLRs, the NF-κB-GFP reporter and humanized CAS9 (hCAS9). After 2 weeks of culture, mutated cells were stimulated with Flagellin at 5 ng ml −1 , R848 at 100 ng ml −1 or CpG-B at 100 nM for 18 h, and the TLR-dependent NF-κB activation was detected by GFP induction. GFP-negative cells were sorted and allowed to grow for the next cycle of stimulation and sorting. Ligand-dependent GFP induction before the sorting and after the second or third sorting is shown. GFP-negative cells were subjected to gRNA sequencing. the OSTC, which mediates protein glycosylation in the ER (22) . Impaired glycosylation is likely to retard TLR maturation in the ER and subsequent trafficking. Consistent with this assumption, cell surface expression of TLR5 was impaired in the absence of Ostc or Stt3a, as much as in the absence of ER chaperones such as Unc93b1 and PRAT4A (CNPY3) (Fig. 5A and B) . Furthermore, membrane-permeabilized staining revealed that TLR5 protein expression was abolished in the absence of Ostc or Stt3a (Fig. 5C) . The impaired TLR5 responses in these mutants are ascribed to the lack of TLR5 expression, probably due to impaired maturation and subsequent degradation of TLR5 in the ER. Interestingly, cell surface expression of an irrelevant molecule (CD44) was not impaired by the lack of Ostc or Stt3a (Fig. 5D) , indicating that the requirement of Ostc and Stt3a depends on each cell surface molecule.
Discussion
In the present study, we established gRNA library screening to reveal molecular mechanisms controlling for TLR responses. The reporter cell line with NF-κB-GFP and TLRs enabled us to enrich the cells impaired in TLR responses through flow cytometry sorting. Our screening comprehensively identified the molecules that were already known to be required for TLR responses, demonstrating that the screening works correctly.
Mutation in the genes involved in the TLR response was confirmed by electrophoresis within 1 week after expression of gRNA and hCas9, demonstrating that mutation was rapidly introduced. However, the subsequent changes in the TLR response occurred at a speed that varied with each molecule. Whereas impairments in TLR responses due to IKKγ (Ikbkg) mutation were apparent within 1 week, the TLR7 response in cells harboring MyD88 mutation was impaired slowly and progressively up to 4 weeks after mutagenesis. The most probable reason for the difference between IKKγ (Ikbkg) and MyD88 is the different time course of protein turnover. The turnover of MyD88 may occur more slowly than that of IKKγ (Ikbkg). The present results led us to culture mutated cells for 2 weeks after mutagenesis and for >1 month until final sorting.
The genes enriched by sorting were identified by nextgeneration sequencing. Each gene had two parameters, the total count of sequence reads (read count) and the number of gRNA targets (target count). The gene lists based on one of these two parameters were compared. If a gene identified by only one gRNA target has many sequence reads, such a gene is ranked much higher in the 'read count' ranking than in the 'target count' ranking. This could be a problem with the 'read count' ranking. On the other hand, the 'target count' ranking also has problems. Because the gRNA library used in the present study contains five gRNAs for each gene, genes are only ranked from 0 to 5. Such a ranking may not be sufficient for detecting ~20-50 genes for further study. Moreover, the 'target count' ranking cannot discriminate between gRNAs identified by a small and a large number of sequence reads. A gene containing a gRNA target with a small number of sequence reads is ranked much higher in the 'target count' than in the 'read count'. This could be a problem with the 'target count' ranking.
To avoid these problems of the 'read count' and 'target count' rankings, another ranking method was used in the present study. The 'integrated count' ranking is calculated by multiplying the 'read count' and the 'target count' together. We focused on the genes with an 'integrated count' that was higher than the highest 'integrated count' from the pre-sorted cell pool. Moreover, a gRNA target with <500 sequence reads was excluded. The 'integrated count' ranking was found to be better than the rankings based on 'read count' or 'target count', as judged by the percentages of true positives verified in a further study.
The present screening showed the role of the OSTC consisting of STT3a (a catalytic subunit) and OSTC (a non-catalytic subunit) in TLR responses. Two distinct OSTCs are reported to mediate co-translational and post-translational glycosylation in the ER (22, 23) . OSTC and Stt3a form the complex mediating co-translational glycosylation, whereas Stt3b is a component of OSTC mediating post-translational glycosylation. Glycosylation of TLR5 is likely to occur during translation. In the absence of Ostc or Stt3a, expression of TLR5 protein was impaired, probably due to TLR5 retention and subsequent degradation in the ER, suggesting the essential role of co-translational glycosylation in TLR maturation in the ER. TLR5 in the absence of OSTC or Stt3a shows sharp contrast to TLR5 in the absence of PRAT4A. N-glycosylation of TLR5 in the ER is not impaired but the maturation of N-glycosylation chains in the Golgi apparatus is impaired in the PRAT4A-deficient cells (20) . Since TLR5 with immature sugar chains is detectable by membrane-permeabilized staining, the addition of N-glycosylation chains is likely to make TLR5 stable in the ER. TLR7 and TLR9 responses also required Ostc and Stt3a. TLR7 and TLR9 maturation is likely to depend on the Stt3a OSTC. Not all of the proteins depend on co-translational glycosylation, as cell surface expression of CD44 was resistant to the lack of Stt3a or OSTC. CD44 has O-linked sugar chains as well as N-linked sugar chains (24) . CD44 proteins 
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with O-linked sugar chains may be stable in the ER and traffic to the cell surface without N-glycosylation.
In conclusion, a loss-of-function screening system for TLR responses was established in the present study. This system was able to show a previously unknown role for the glycosylation machinery in TLR maturation. Our system can be further modified by changing the reporter system from NF-κB-GFP to another promoter and an innate immune sensor from TLRs to cytoplasmic NA sensors. The screening system is a promising tool for studying molecular mechanisms behind innate immune responses.
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